The catalase within normal, intact human erythrocytes was completely inactivated with amino triazole. The rate of "CO2 evolution, when the cells were subsequently incubated with "C-labeled glucose, provided a measure of the rate at which NADPH was being oxidized by the glutathione peroxidase/ reductase system for the disposal of HZ02. This rate was determined in control cells and in catalase-inactivated cells while the cells were exposed to H202, which was generated at various constant and predetermined rates by glucose oxidase. The results indicated that catalase handles approximately half of the generated H202. The glutathione peroxidase/reductase mechanism accounted for the other half. These resutts are in agreement with our earlier findings LTHOUGH ESSENTIAL for most forms of life on this planet, oxygen is the source of certain toxic substances, such as hydrogen peroxide and the superoxide radical. Investigations over the past few decades have begun to show the extent to which organisms have had to evolve methods for disposing of these toxic derivatives, as well as the extent to which injury to cells occurs in those diseases and toxic reactions in which these defenses are breached. For the first half of this century, catalase ( Fig 1A) was regarded as the means for disposal of H202. Subsequent studies of mammalian erythrocytes, and especially human erythrocytes, have played a historical role in providing understanding as to how H202 is disposed of in vivo. Such studies led to the discovery of the glutathione peroxidaseheductase mechanism ( Fig 1B) for disposal of Hz02,' as well as to the notion that this mechanism, rather than catalase, was responsible for removal of H202.' That notion arose from the unusual susceptibility to peroxidative damage of human erythrocytes that are genetically deficient in glucose-6-phosphate dehydrogenase (G6PD) (Fig 1C) and, therefore, limited in ability to generate nicotinamide adenine dinucleotide phosphate (NADPH), which is required by the glutathione peroxidase reductase mechanism (Fig lB) .' However, Kirkman and Gaetani demonstrated that mammalian catalase has bound NADPH,3 which becomes oxidized to NADP', and displaced by unbound NADPH in the course of both preventing and reversing the inactivation of catalase by its own substrate, HzOz > Thus, both means of disposal of Hz02 have been shown to be dependent on the availability of NADPH.
LTHOUGH ESSENTIAL for most forms of life on this planet, oxygen is the source of certain toxic substances, such as hydrogen peroxide and the superoxide radical. Investigations over the past few decades have begun to show the extent to which organisms have had to evolve methods for disposing of these toxic derivatives, as well as the extent to which injury to cells occurs in those diseases and toxic reactions in which these defenses are breached. For the first half of this century, catalase ( Fig 1A) was regarded as the means for disposal of H202. Subsequent studies of mammalian erythrocytes, and especially human erythrocytes, have played a historical role in providing understanding as to how H202 is disposed of in vivo. Such studies led to the discovery of the glutathione peroxidaseheductase mechanism (Fig 1B) for disposal of Hz02,' as well as to the notion that this mechanism, rather than catalase, was responsible for removal of H202.' That notion arose from the unusual susceptibility to peroxidative damage of human erythrocytes that are genetically deficient in glucose-6-phosphate dehydrogenase (G6PD) (Fig 1C) and, therefore, limited in ability to generate nicotinamide adenine dinucleotide phosphate (NADPH), which is required by the glutathione peroxidase reductase mechanism (Fig lB) .' However, Kirkman and Gaetani demonstrated that mammalian catalase has bound NADPH,3 which becomes oxidized to NADP', and displaced by unbound NADPH in the course of both preventing and reversing the inactivation of catalase by its own substrate, HzOz > Thus, both means of disposal of Hz02 have been shown to be dependent on the availability of NADPH.
A variety of studies provides evidence that one mechanism or the other is functioning to remove H202 in erythrocytes. In a previous study, reported here, we compared normal erythrocytes with those of a single subject with a genetic deficiency of catalase. ' The results suggested that catalase disposes of half the H202 generated in erythrocytes. In the present study, we compared normal erythrocytes with erythrocytes that had been artificially depleted of catalase activity. Because genetic deficiencies of catalase are rare, the latter approach made it possible to determine the extent to which the previous observations were true with numerous samples, and with varying degrees of catalase inactivation. on erythrocytes of a subject with a genetic deficiency of catalase. However, an unexpected result with the present approach was the finding that the increased dependence on the glutathione peroxidase/reductase mechanism did not occur until greater than 98% of the catalase had been inactivated. The latter observation indicates that catalase and the glutathione peroxidaselreductase system function intracellularly in a manner very different from that previously ascribed to them. An explanation of the findings requires that the two methods of H202 disposal function in a coordinated way, such as a sequential action in which the glutathione peroxidaselreductase system is the rate-limiting step.
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MATERIALS AND METHODS
Glucose oxidase and horseradish peroxidase were from Boehringer Mannheim (Mannheim, Germany). Blood from seven normal volunteers was collected in tubes containing sodium heparin as an anticoagulant. The rate of the hexose monophosphate shunt (HMS) in erythrocytes was determined by methods similar to those used earlier. 5, 6 Leukocytes and platelets were removed by the method of Beutler et al.' Plasma was removed after centrifuging, and the erythrocytes were washed twice by suspension in 5 v01 of 0.15 mol/ L NaCl, followed by centrifuging. Incubations were performed at 37°C in a metabolic shaker at 90 cycles per minute in 25-mL vials to which were attached rubber caps containing disposable center wells. All incubations were performed in duplicate. Throughout the incubation period (60 minutes), the center wells contained 0.2 mL 1N NaOH. At the end of the incubations, 0.7 mL of 3.7 mom perchloric acid was injected by needle through the rubber cap into the incubation mixture containing 14C-glucose. After another 30 minutes of incubation in a metabolic shaker, the disposable center wells were removed and dropped into scintillation vials for I4C counts. Glutathione was determined by the method of Beutler et The glucose concentrations were measured by an enzymatic method using NADP, adenosine triphosphate (ATP), and the enzymes G6PD and hexokinase.' The glucose concentration, together with the measurement of '"C, provided estimates of the specific activity of glucose at zero time, and the total amount of glucose consumed over 60 minutes. The addition of glucose oxidase to the incubation mixture exposed the erythrocytes to H202 at steadystate concentrations, as described by Chance" and Aebi and Suter.'] A preliminary assay of glucose oxidase activity allowed selection of the enzyme concentration, which provided continuous generation of HzOz at the desired rate. Assays of glucose oxidase activity were performed under conditions similar to those for the incubation of erythrocytes. Variable amounts of glucose oxidase were added to 2.3 mL of KRTG solution to a final enzyme concentration of 4 to 9 nmo1L. The KRTG solution also contained horseradish peroxidase, phenol, and 4-aminoantipyrine, as specified for the spectrophotometric determination of H202 by the method of Green and Hill." The reaction was followed at 505 nm in a 3.0-mL cuvette with a light path of 1.0 cm.
Catalase-inactivated erythrocytes were obtained by preincubation of the cells under the previous conditions for 30 minutes, with glucose oxidase present at a concentration 18 to 20 nmoVL and the catalase inhibitor, 3-amino-l:2:4-triazole (AT), present at a final concentration of 20 mmoVL. Under these conditions, the formation of methemoglobin was less than 2.3%. Control erythrocytes were exposed to the same concentration of glucose oxidase but with omission of the AT. After the incubation period, the cells were thoroughly washed with Krebs-Ringer-Tes buffer to remove all glucose oxidase and AT. In some experiments, glutathione-depleted cells were prepared by resuspending aliquots of the preincubated, packed erythrocytes in KRTG solution and exposing the cells for 15 minutes to either N-ethylmaleimide (NEM; 3 pmoVmL of packed erythrocytes) or I -chloro-2,4-dinitrobenzene (CDNB; 3 pmol/mL).
Studies of purified catalase were with catalase purified from human erythrocytes by the method reported elsewhere,' and with the enzyme incubated in KRTG solution. Determinations of catalasebound NADPH concentrations were by a method of alkaline extraction and enzymatic ~ycling','~ after the catalase solution had been incubated for 60 minutes at 37°C in the presence of glucose oxidase at a final concentration of 2.2 nmoVL, with or without 20 mmolk AT. Comparable amounts of free NADPH were also exposed under these conditions, and the concentration of NADPH was determined. Catalase activity of erythrocytes was measured on aliquots obtained at intervals throughout the experiments and assayed as hemolysates. The activity was expressed as the first-order kinetic constant of the rate of disappearance of Hz02, at an initial concentration of 10 mmol/L, as measured by absorbance at 240 nm.I4 The extent of ATinactivation of catalase, as determined by this assay, was confirmed in certain samples by measurements of activity of the catalase at much lower concentrations of H202, as follows. For estimates of activity at 10 to 100 nmol/L HzOz, aliquots of the hemolysate-H,02 mixture were removed at intervals and added to a cuvette containing homovanillic acid and horseradish peroxidase, and fluorescence was measured." Measurements at 10 to 50 p,mol/L H20z were performed in the same manner, except 4-aminoantipyrine replaced homovanillic acid, and absorbance was measured." Enough horseradish peroxidase was added in both methods to give almost instantaneous consumption of the remaining H202. Table l lists the HMS rates of erythrocytes incubated without glucose oxidase. The erythrocytes were of three types: controls, cells in which the catalase had been completely inactivated, and glutathione-depleted cells. Under these resting conditions, the catalase-inactivated cells had an HMS rate that was 2.5 times that of the control cells. The difference was highly significant ( P < .0002). Three experiments with glutathione-depleted cells showed that such cells have a decreased HMS rate in the resting condition (Table  1) . Table 2 lists the HMS rates of the same cells when exposed to H,O, flows resulting from glucose oxidase at different concentrations. Catalase-inactivated cells had an HMS rate 60% to 100% higher than that of control cells ( P < .0014). These results were obtained only from cells with fully inactivated catalase. Inactivation of the catalase was measured at concentrations of H202 ranging from nanomolar to millimolar levels (see Materials and Methods), and in no case could residual catalase activity be detected. In the three experiments with complete depletion of glutathione, the HMS rate of the glutathione-depleted cells was much less than that of controls, both without (Table 1) minus the resting HMS of the corresponding cells, plotted against the HMS rate that would be expected if the glutathione peroxidaseheductase mechanism disposed of all Hz02. The expected rate was obtained by dividing the rate of generation of H2O2 by 2 (corresponding to the two molecules of NADPH generated by each molecule of G6P passing through the HMS). The slope for the control cells ( 2 SEE) was 0.62 f 0.04, whereas the slope for the catalase-inhibited cells was 1.05 2 0.03. Figure 3 illustrates this relationship in an experiment in which cells from one subject were simultaneously studied at different rates of H2O2 generation. Figure  4 shows the percentage inactivation of catalase of normal erythrocytes, that have been exposed to various flows of H202 over a period of 30 minutes in the presence of 20 mmol/L AT. Inactivation reached a maximum at H202 flows of 200 to 400 nmol/h/mL, and was faster in glutathionedepleted cells at lower HzOz flows than in cells without glutathione depletion, whereas the inactivation of the latter followed a sigmoid curve (Fig 4) . Figure 5 depicts the HMS rate in erythrocytes having normal glutathione levels and different degrees of catalase inactivation. When the cells were subsequently washed, then exposed to a H202 flow of 250 to 750 nmoyh, little, if any, change in the HMS rate occurred until inactivation of the catalase was nearly complete. The H M S rate then increased sharply (Fig 5) . A similar plot was obtained with erythrocytes that were not exposed to exogenous H202 after the initial, partial inactivation of catalase (Fig 5, inset) . Studies of catalase-bound NADPH of purified human catalase, with and without AT, during exposure to glucose oxidase-generated H202 flows, demonstrated that inactivation of the enzyme is accompanied by resistance to NADPH oxidation (Fig 6) .
RESULTS
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DISCUSSION
The lack of an understanding of the role of NADPH in mammalian catalase function led to the notion that HzOz was handled largely or entirely by the glutathione peroxidase/ reductase mechanism. The glutathione peroxidasekeductase mechanism was known to require NADPH' (Fig l) , and people who had erythrocytes with a genetic deficiency of G6PD,'6s'7 and, therefore, the ability to generate NADPH, were susceptible to peroxidative damage to their erythrocytes. The catalase of higher animals came to be regarded as a fossil enzyme." However, Tarlov and Kellermeyerl' observed reduced activity of catalase in G6PD-deficient erythrocytes exposed to peroxidative stress in vivo. Eaton et alm and Sullivan et a12' found a correlation between the catalase activity and the rise and fall of NADPH concentrations. Eaton et a12' observed recovery of catalase activity when NADPH was added, and hypothesized, as was later proved with purified catalase by others:" that NADPH reversed the conversion of catalase to an inactive form (compound 11) by H20z. Further evidence for the role of catalase in mammalian cells came from the work of Scott et alZ3 with resealed erythrocytes and glutathione-depleted cells. 24 Jacob et alz5 and Aebi and Suter" observed that the HMS activity was greater in the erythrocytes of people with a genetic deficiency of catalase than in the erythrocytes of normal people. As with the studies of Gaetani et al,' the rate of I4CO2 evolution from I4C-labeled glucose was considered, in the present study, to be a measure of the HMS rate and, therefore, the rate at which H202 was being removed by the glutathione peroxidase/reductase mechanism (Fig 1) . This GAETANI ET AL assumption is made valid by several features of metabolism in human erythrocytes and of H20z disposal. The HMS is the principal source of COz and NADPH in human erythrocytesZ6 The CO2 comes from the first carbon and, to a lesser extent, the second carbon of glucose.26 One molecule of NADPH is oxidized in the process of removing each molecule of H202 via the glutathione peroxidaselreductase mechanism (Fig IB) . Although mammalian catalase uses NADPH to prevent and reverse the inactivation of catalase by H202, only one molecule of NADPH is oxidized for every four to 14 molecules of H202 removed by catala~e.~ Glutathione remains largely in the reduced and concentrations of 6-phosphogluconate remain negligible6 when human erythrocytes with normal G6PD activity are exposed to H202 flows, and NADPH oxidation in the range used in this study. Some earlier investigators exposed erythrocytes to H,02 by the direct addition of Hz02 or by diffusion of gaseous H202. However, both of those methods cause the concentration of H202 at the surface, or at the site of Hz02 addition, to be much higher than elsewhere in the suspension of erythrocytes. The generation of H202 by glucose oxidase, as in the 1950 experiments of Chance," is uniform throughout the suspension and relatively constant. We used glucose oxidase in the present study at concentrations resulting in 6-to 20- fold stimulation of the HMS in cells with normal activities of G6PD and catalase. Based on Hz02 flows that are minimally adequate to produce decreases in glutathione concentrations in G6PD-deficient erythrocytes: this range seemed to be Hydrogen peroxide rate, pmol/h/ml realistic. Intracellular catalase can be completely inactivated by the AT-H202 mechanism if the erythrocytes are incubated without glu~ose,~' but the exclusion of glucose results in the depletion of glutathione, the formation of methemoglobin, and the development of abnormal osmotic fragilities.' Such derangements of the erythrocyte were avoided in the present study by the use of a method of AT-H202 inactivation in which glucose was present during the incubation.
As judged by a doubling of the HMS rate when catalase was completely inactivated, catalase accounted for approximately half of the disposal of H202. even when the HMS rate was varied from the resting rate to 20 times the resting rate by the action of various amounts of added glucose oxidase (Tables 1 and 2 ). Similar observations were made with the erythrocytes of a man with a genetic deficiency of catalase. 5 The similarity of results between the two approaches decreases the possibility that observations with AT-treated cells were the result of some effect of AT, other than inactivation of catalase. On the other hand, the use of AT-treated normal cells allowed observations to be made on cells with varying degrees of catalase inactivation.
At the nanomolar concentrations" of HzOz present under our incubation conditions, the H202 concentration is well below the Michaelis constant for glutathione peroxidase. In addition, catalase has first-order kinetics over a wide range of H202 concentrations. Both enzymes, therefore, should have had activities proportional to the intracellular concentration of H202, and worked intracellularly to have given a diagonal straight line in Fig 5. What is unexpected is that doubling of the HMS rate did not occur until the catalase was greater than 98% inactivated (Fig 5) . This represents a belated correlation with the 1971 observations of Aebi?' who found that fewer symptoms were present in those catalase-deficient people who had at least a small percentage of the normal amount of catalase activity in their erythrocytes and fibroblasts. A simple excess of catalase activity (over glutathione peroxidase reductase activity) would have resulted in a plot similar to that of Fig 5, but would not have given the 5050 stoichiometry indicated in Table 2 and Figs 2 and 3 or the properties observed with glutathione-depleted cells.
The commonly used assay for catalase activityI4 is performed at millimolar concentrations of H202, whereas the intracellular concentration was in the nanomolar range. Therefore, we found it necessary to determine the amount of catalase inactivation at much lower Hz02 concentrations, in order to exclude the possibility that such revised estimates of catalase inactivation would cause the plot of Fig 5 to be a diagonal line. Determinations of activity of the catalase at nanomolar and micromolar concentrations of H202 (see Materials and Methods) confirmed that the percentage inactivation of the catalase was the same at each range of HzOz concentration. Because the same concavity is observed with endogenously generated H202 (Fig 5, inset) , the concavity cannot be attributed to the fact that the HzOz was often generated extracellularly. Of the mechanisms that can be hypothesized to account for Fig 5, all seem to require that the intracellular properties of catalase and mechanisms of H202 disposal are very different from those that have been recognized from studies of the diluted or purified enzymes. For example, a mechanism in which H202 is handled sequentially by catalase and glutathione peroxidase, with catalase being present in excess, would account for the observations in the tables and figures, including the 5050 stoichiometry and the observations on glutathione-depleted cells. The possibility that intracellular function can differ greatly from extracellular function is made conceivable by the finding and explanation of such a severe discrepancy in activity of erythrocytic G6PDZ9 and by the recent recognition of the phenomenon of macromolecular ~rowding.~' Evolving techniques in the field of physical biochemistry may allow an evaluation of why the intracellular mechanisms of action of catalase and glutathione peroxidase differ greatly from presently recognized mechanisms. If so, the development will be yet another example of how concepts with broad biological implications have been gained through studies of human erythrocytes. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
